MukB, a divergent structural maintenance of chromosomes (SMC) protein, is important for chromosomal segregation and condensation in γ-proteobacteria. MukB and canonical SMC proteins share a characteristic five-domain structure. Globular N-and C-terminal domains interact to form an ABC-like ATPase or "head" domain, which is connected to a smaller dimerization or "hinge" domain by a long, antiparallel coiled coil. In addition to mediating dimerization, this hinge region has been implicated in both conformational flexibility and dynamic protein-DNA interactions. We report here the first crystallographic model of the MukB hinge domain. This model also contains approximately 20% of the coiled coil domain, including an unusual coiled coil deviation. These results will facilitate studies to clarify the roles of both the hinge and coiled coil domains in MukB function.
In γ-proteobacteria, including Escherichia coli (E. coli), MukB and its accessory proteins take the place of the canonical SMC protein complex 5 . In spite of its limited sequence similarity with other bacterial SMC proteins, MukB performs similar cellular functions. Both E. coli mukB − strains and smc − strains from Bacillus subtilis and Caulobacter crescentus show temperature sensitive colony formation and an increase in the number of anucleate cells at the permissive temperature, suggesting a deficiency in chromosome segregation [6] [7] [8] [9] [10] [11] [12] . As is the case with bacterial SMC proteins, two non-SMC accessory proteins, MukE and MukF, are required for full MukB function [13] [14] [15] . Finally, a convincing array of experiments have demonstrated that MukB can condense DNA both in vitro and in vivo [16] [17] [18] [19] [20] [21] . Nonetheless, the mechanism of this MukB activity remains largely unknown 22 .
In addition to its functional similarity to SMC proteins, MukB shares the five-domain structure found in all SMC proteins 6; 23-30 . The globular N-and C-terminal domains combine to form an ATP Binding Cassette (ABC) ATPase domain; this "head" region is connected to a smaller globular dimerization domain, also called the "hinge", by an unusual, 50 nm long, antiparallel coiled coil domain 6; 23-30 . Although this structure has been established clearly by electron microscopy (EM) and biochemical experiments 28; 29; 31 , high-resolution structural data are available only for the ATPase "head" domain of MukB 32; 33 .
The ATPase domain of MukB shares both sequence homology and structural features with other SMC proteins and ABC transporters 3; 34 . In contrast, the hinge domain of MukB has no sequence homology with any protein of known structure, making it difficult to accurately predict its structure and function 35 . The available crystal structures of the hinge domains from Thermotoga maritima SMC (TmSMC) and a distantly related SMC-like protein, Pyrococcus furiosus Rad50 (PfRad50), show completely different structures. The hinge domain of TmSMC is a large globular domain of 169 residues 28 . In contrast, the hinge domain of Rad50 is a simple "zinc-hook" made of only 14 residues 30 . Though the hinge domain of MukB has a comparable size to that of other bacterial SMC protein as judged by EM 25 , their primary sequences are not obviously related. Thus, in spite of the functional similarity between MukB and prokaryotic SMC proteins, the structural relationship between their hinge domains has not been clear.
We have previously obtained a chemical crosslink between two residues (S570-N859) on the hinge-proximal end of the MukB coiled-coil domain 31 . This information allowed us to design a well-behaved, soluble fragment of MukB containing the entire hinge domain and roughly matched segments of the coiled coil. This truncation fragment successfully led to the first crystallographic model for the hinge domain of MukB (3.1 Å resolution), including not only the globular hinge domain, but also a stretch of ~ 8 heptads of the adjacent coiled coil domain.
Overall Structure of MukB-D
On the basis of our earlier studies, we designed a stable MukB construct (566-863) using the crosslinked residue pair S570-N859C as a guidepost 31 . This construct, denoted MukB-D, was expected to include the entire hinge domain, along with a portion of the MukB coiled coil domain 31 . Equilibrium sedimentation studies confirm that MukB-D forms a dimer in solution 31 . In addition, the circular dichroism (CD) spectrum of MukB-D shows the minima at 208 and 222 nm that are characteristic of an α-helical conformation, suggesting the presence of coiled coil (Fig S1) . MukB-D also undergoes a cooperative thermal unfolding transition with a midpoint T m of approximately 52 °C and appears to be fully folded at room temperature (Fig S1) . Taken together, these data suggest that our construct is autonomously folded into the proper conformation in solution.
MukB-D was crystallized using PEG 20K as the precipitant. It forms tetragonal crystals with the P4 3 22 spacegroup (a = b = 56 Å, c = 343 Å). In the crystal structure, the dimer is related by a crystallographic C 2 axis. The region 572-854 is visible in the refined structure and accounts for 95% of the construct (566-863), which suggests our domain indeed contains two coiled-coil strands of roughly equal length.
Overall, the MukB-D dimer adopts an open V-shape (~ 120) with the globular hinge domain in the center (Fig 1) . EM studies have demonstrated that the MukB dimer adopts a broad range of angles from 0° to 180° 25 , suggesting that there is a flexible "hinge" within or close to the hinge domain. The observed, fixed V-shape of the MukB dimer could be the result of crystal packing interactions or it could represent a stable conformation in the absence of ATPase head domain. Interestingly, the crystal structure of the TmSMC dimer in a different space group shows an almost identical angle between the coiled coil segments of each monomer 28 . This angle may serve a role for the higher order architecture of MukB multimers, which are occasionally observed with EM 36 .
The Hinge Domain of MukB
The central domain of each monomer consists of three α-helices (H1-H3) and five β-strands (B1-B5) ( Fig S2A) and folds into a compact globular shape (Fig 1) . This globular domain is significantly smaller than the TmSMC hinge region (114 and 169 residues, respectively). Nonetheless, it is solely responsible for mediating MukB dimerization (Fig 1) . This result is consistent with previous EM and biochemical studies of MukB suggesting that the coiled coil is intramolecular 25; 31; 36 . Moreover, the same arrangement was observed in the crystal structures of the hinge domains from TmSMC and PfRad50 28; 30 . Thus, MukB shares this structural arrangement with other SMC and SMC-like proteins.
Although the MukB hinge region has no detectable sequence homology with proteins of known structure, a structure-based search of the protein database 37 reveals that it shares significant structural features with the TmSMC hinge domain (Fig 2A) . This result is somewhat unexpected given the low sequence identity between the two domains ( Fig S3) . Indeed, a phylogenetic analysis of SMC proteins suggests that MukB is less closely related to canonical SMC proteins than is Rad50, and has even led to the proposal that the overall structural similarity between MukB and SMC proteins may be the result of convergent evolution 3 .
Both the MukB and TmSMC hinge domains contain similarly positioned N-terminal α-helices (H1 and H1′, respectively; Fig 2A) . This region is connected to similarly positioned α-helices (H2 and H4′), followed by a common β-α-β motif (B1-H3-B2 and B2′-H6′-B3′).
Thus, the N-terminal portion of MukB hinge domain has a similar structure to that of TmSMC hinge subdomain I 28 , even though MukB is missing several recognizable elements of secondary structure relative to TmSMC. In contrast, the remainder of the MukB hinge domain structure has little similarity with TmSMC hinge subdomain II, with the exception of a three-stranded antiparallel β-sheet that correlates to three of the five strands in TmSMC subdomain II (B3-B5 and B6′-B8′). In total, about two-thirds of the hinge domain of MukB consists of structural elements shared with the much larger TmSMC hinge domain, even though their sequences are only 13% identical (Fig. S3) .
Strikingly, the inter-monomer contacts are very similar in MukB and TmSMC (Fig 2B) . In MukB, the two-stranded β-sheet (B1, B2) of one MukB monomer combines with the threestranded β-sheet (B3-B5) of the second monomer to form a five-stranded β-sheet (Fig 2B) . Similarly, in TmSMC, the three-stranded β sheet from subdomain I of one monomer combines with the five-stranded β sheet from subdomain II of the other monomer to form an eight-stranded β-sheet 28 . In both cases, the strands that form the contact interface with the opposite monomer (B2 and B5; B3′ and B8′) associate in an antiparallel orientation. The TmSMC dimer interface also contains two helices (H6′ and H11′) that pack against one another along one face of the β-sheet 28 ( Fig 2B) . However, this element is absent from the MukB dimer interface, as MukB lacks a helix corresponding to H11′ of TmSMC.
The hinge domain of TmSMC forms a unique "donut-like" shape 28 with a hole in the middle (Ø = ~ 10 Å) (Fig 3A) . This structural arrangement provides two independent dimerization interfaces in the TmSMC dimer, resulting in the burial of 4250 Å 2 of surface area. Interestingly, MukB lacks this "donut hole". Instead, two interactions appear to bridge the gap between the symmetrical five-stranded β-sheets (Fig 3A) . First, the Pro 707 residues from each monomer (H2-B1 loop) are in position to pack against one another, effectively plugging the "hole." Second, a water-mediated H-bond network is formed by Y735 (B2) and R768 (B5) from each monomer. All three residues are absolutely conserved among MukB proteins from different organisms (Fig S2A) , suggesting that these interactions are important for dimer formation. This continuous interface results in the burial of approximately 2930 Å 2 of total surface area upon dimer formation.
The hinge domains of MukB and TmSMC also have completely distinct surface potential features. There are two basic patches on the inner surface of the TmSMC hinge domain (Fig  3B) , which are conserved across different organisms 38 . It has been suggested that these basic patches are crucial for dynamic protein-DNA interactions in Bacillus subtilis SMC (BsSMC) 38 . In contrast, the accessible inner face of the MukB hinge domain is predominantly negatively charged (Fig 3B) . The upper face of the MukB hinge domain is also much more negatively charged than the corresponding face of TmSMC (Fig 3B) . Thus, although the MukB hinge domain incorporates structural features of the canonical SMC hinge fold, it is clearly a highly divergent domain with respect to size, primary amino acid sequence, and surface potential.
Coiled Coil Domain of MukB-D
It has proven challenging to crystallize long coiled coils. In our structure, each monomer includes a ~ 100 Å long antiparallel coiled coil domain, accounting for ~ 20 % of the MukB coiled coil (Fig 1) . This region is discontinuous (Fig 4A) , with two coiled coil segments that are connected by an unusual coiled coil deviation. On the basis of coiled coil prediction algorithms and crosslinking data, we have previously denoted these two regions as coiled coil region 3 (CC3; Ha and Hd) and coiled coil region 4 (CC4; Hb and Hc) 31 .
Like their parallel counterparts, the sequences of antiparallel coiled coil are characterized by a heptad repeat (abcdefg) n of amino acid residues, in which hydrophobic residues at the a and d positions mediate inter-strand interactions through knobs-into-holes packing 39; 40 . An analysis of the MukB coiled coil regions with the structure-based algorithm SOCKET 41 recognizes both segments as coiled coil (Fig 4B) but suggests that the strands of these segments associate more loosely than is the case for canonical coiled coils. Indeed, at a default packing cutoff distance of 7.0 Å, only four of the eight a-d′ packing layers in CC4 were recognized as knobs-into-holes packing; none of the layers in CC3 were recognized. At a more liberal cutoff distance of 7.4 Å, seven of ten layers in CC4 and 3 of 6 in CC3 were recognized as knobs-into-holes packing.
Our construct was likely to contain only a portion of CC3 31 , and indeed, the residues predicted to interact by crosslinking (S570-N859C) are not visible in our model. However, as L583 (d) is packed against L852 (a), we can predict that N859 (a) packs against A576 (d), which is within the length of the crosslinker 31 from S570. Although the loose packing in CC3 may derive from the fact that it is a fragment of a longer coiled coil, CC4 is intact in our model. Thus, the non-canonical association of its constituent strands (Hb and Hc) may be of functional significance, allowing for the exposure of interior residues or for conformational changes that could be important for protein-protein or protein-nucleic acid interactions.
CC3 and CC4 are not divided by a typical coiled coil deviation such as a stutter, stammer, or skip 42 . Instead, the N-terminal helix in CC3 (Ha) is extended by 17 residues relative to the C-terminal helix (Hd). A 7-resiude loop then connects this extended helix to the N-terminal helix of CC4 (Hb) (Fig 4A) . On the C-terminal strand, a 5-residue loop connects CC4 (Hc) to CC3 (Hd). This α-helical extension (602-618) contains an absolutely conserved Pro residue (602), which introduces a 40 ° kink and allows the helix to partially pack against CC4 (Fig 4A, Fig S4) . As a result of this interruption, the coiled coil axis changes direction by approximately 15°. Although the functional role of this unusual interruption awaits further investigation, the high degree of conservation among MukB proteins in this region suggests that it is significant.
Role of the Hinge Domain in MukB Function
In addition to mediating dimerization, three roles for the hinge domain of MukB and other SMC proteins have been proposed. First, as the name "hinge" suggests, this domain is thought to play a critical role in allowing the dramatic range of angles observed between the two coiled coils by EM 25 . To provide such flexibility, the globular hinge domain could undergo a dramatic change in conformation. However, the hinge regions of both MukB and TmSMC adopt similar fixed conformations with a ~120° angle between coiled coils. Thus, if a conformational change takes place, the alternative structure has not yet been structurally characterized.
Alternatively, the region connecting the coiled coil to the hinge domain could be flexible in solution. Indeed, in our structural model, both strands of the coiled coil are separated from the globular hinge domain by short loops that could mediate a change in conformation without disrupting the packing of either the dimerization interface or of the coiled coil. Finally, it is also worth noting that the unusual disruption in the middle of the coiled coil could provide such flexibility (Fig 4A) . Because this disruption is only ~ 65 Å away from the globular hinge domain, it might be difficult to distinguish the two by EM. Thus, the disruption could also serve as a "hinge" for the opening and closing motions observed with SMC proteins.
SMC and MukB proteins adopt a variety of conformations not only between the two coiled coil domains, but also within each coiled coil itself 6; 25; 27; 28; 36; 43 . These disruptions are associated with increased flexibility in the Rad50 coiled coil and it has been proposed that several conserved disruptions in the SMC coiled coil are responsible for flexibility 31; 43; 44 . Our structure identifies one of these disruptions for the first time. Using disulfide crosslinking experiments, we have localized four additional short regions in the MukB coiled coil in which the N-terminal strand has extra ~ 15 residues relative to the C-terminal strand (Weitzel, C., Waldman, V., Graham, T., Berger, A., and Oakley, M., unpublished results), suggesting that this coiled coil deviation may also be responsible for flexibility in other regions of the coiled coil.
Second, Hirano and co-workers have shown that BsSMC lacking the ATPase domain retains the ability to bind both single-and double-stranded DNA, while BsSMC lacking the hinge region binds DNA poorly 23 . In addition, the hinge domain is required for ssDNA-stimulated ATPase activity 23; 38 . These observations have led to the proposal that the hinge region is crucial for transient protein-DNA interactions 38 . Conserved basic residues on the inner surface of the hinge domain of BsSMC are required for these activities 38 . In contrast, the equivalent surface of the MukB hinge domain is overwhelmingly negatively charged ( Fig  3B) . Moreover, gel-shift analysis suggests that the DNA-binding affinity of MukB-D for DNA is dramatically lower than that of intact MukB (Fig S5) , even though the inner face of the coiled coil domain is positively charged (Fig S6) . Thus, the hinge region of MukB is not likely to be a major contributor to protein-DNA interactions.
Although DNA binding triggers ATP hydrolysis in BsSMC, it remains unclear how these two domains at opposite ends of a long coiled coil can communicate with each other. Interestingly, the recent crystal structure of MukB ATPase domain shows that its top surface is predominantly positively charged. Mutagenesis studies suggested that this region mediates interactions with DNA 33 . It is also possible the acidic surface of the MukB hinge domain is involved in a direct physical interaction with the ATPase domain. Such a direct interaction has been observed with yeast Schizosaccharomyces pombe SMC proteins by atomic force microscopy (AFM) 24 .
Finally, Nasmyth and co-workers have suggested that cohesin binds to DNA by trapping it within a ring-shaped complex of SMC1, SMC3 and their accessory proteins 2 , and that opening of the hinge domain is essential for loading this complex on to DNA 45 . These investigators proposed that the "donut-like" SMC hinge domain opens up by dissociating its two independent dimerization interfaces in a stepwise fashion 45 . Our results strongly suggest that, although MukB bears structural similarities with TmSMC, its dimerization interface is continuous. Thus, it is unlikely that MukB opens in the stepwise manner that has been proposed for SMC proteins 45 .
With availability of this crystal structure, more sophisticated studies on the MukB coiled coil and hinge domain will enable us to understand how MukB interacts with DNA and performs its functions both in vitro and in vivo.
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